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A new tailored solution to predict blow efficiency and energy
consumption of hammer-forging machines
Jean-François Mull1 & Camille Durand1 & Cyrille Baudouin1 & Régis Bigot1
Abstract
Energy saving has become a real issue in process management and has led to the analysis of the energy consumption of forging
machines, for the purpose of optimization. This study focuses on the amount of energy lost due to machine behaviour during the
forming process. A spring-mass-damping model of the machine and tools system is associated with a billet model to describe
hammer-forming operations only during the forging phase. Themodel parameters are identified with experimental measurements
of process variables during a stroke, providing parameters specifically adapted to the machine-tools system. Then, model
predictions are validated by the experimental upsetting of steel and aluminium billets. The model accurately predicts forging
process variables for consecutive blows with different materials. The decrease in process efficiency and the evolution from
inelastic to elastic blows after several strokes on the same billet are also predicted by the model. This methodology provides a
new, tailored solution that enables forging manufacturers to predict the forging energy consumption of their own machines. The
approach developed in this work concerns gravity drop hammers but is also transferable to other energy-driven machines.
1 Introduction
Improvements in the understanding of material flow behav-
iour and phenomena at the billet-tools interface imply that
other elements, such as machine behaviour, can no longer be
neglected in simulations. Despite good characterisation of ma-
terial and interface behaviours, Durand et al. [1] have shown
that simulations do not provide a representative picture of the
situation for high-performing material, forged on energy-
driven machines. For sheet metal forming applications,
Bigot et al. [2] highlight that the machine-tools deflection
caused by the reaction forces from the workpiece affects the
tolerances of the components, showing the impact of the ma-
chine behaviour on the forging process. Brecher et al. [3]
consider the simple representation of the machine in forging
process simulations to be one of the main reasons for the lack
of accuracy. Thus, better consideration of machine behaviour
could improve the prediction of energy consumption and forg-
ing variables, such as load or ram displacement.
Gravity-drop hammers are forging machines, which raise a
ram to a given height before dropping it. Gravity then accel-
erates the ram until it reaches the billet to deform it. During
forging operations, especially with hammers, extreme condi-
tions can be noticed concerning temperature, impact velocity
and developed energy. This implies that the instrumentation of
forging machines is difficult, which is why theoretical models
are used to describe dynamic machine behaviour. Tobias [4]
developed a one degree of freedom model with one mass and
one spring to represent hammer behaviour and Vajpayee et al.
[5] proposed a model comprising one spring and two masses
to describe hammer-forging operations. The masses and the
stiffness were obtained from the machine specifications and
the machine model was coupled with the billet behaviour. In
another study, Vajpayee et al. [6] refined the model with a
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These models were used to observe the influence of process
parameters on the process efficiency. Gregorian et al. [7] ap-
plied a similar approach, with the aim of predicting the sound
emitted by machine vibrations for a laboratory drop hammer
and Vajpayee et al. [8] studied the noise emitted by a high-
energy-rate-forming machine. Several models which were de-
pendent on the foundation design were proposed and focused
on the response of the foundation under hammer solicitations.
Vajpayee and Sadek [9] developed a model with three masses
to consider the foundation behaviour. Novak [10] calculated
the parameters associated with a two degrees of freedommod-
el, according to theoretical methods and assumptions on the
materials and geometries of foundation elements. Novak and
El Hifnawy [11] developed a complex eigenvalue method to
study hammers comprising an eccentrically mounted anvil.
Thanks to the development of these models, El Hifnawy and
Novak [12] studied the response of hammer foundations for
different pulses loading and Harwood and Novak [13] inves-
tigated the uplift phenomenon in hammer foundations. Chow
and Yong [14] developed a one-dimensional wave equation
model based on the finite element method. Model predictions
were compared to experimental measurements as well as re-
sults obtained by Harwood and Novak [13] with a spring-
mass-damping model. Chehab and El Naggar [15] completed
the foundationmodel for hammers, with the consideration of a
base isolator. By studying the impact of the isolator model
parameters on the maximum blow force, the authors were able
to provide a decision-making tool which permits the choice of
a mounting system depending on the application. In simula-
tion, Chehab and El Naggar [16] investigated the effect of
pulse shape and pulse duration on the dynamic response of
the one mass hammer foundation system. Wang and Dong
[17] optimised model parameters of an isolator represented
by a two degree of freedom system to minimise maximum
impact force. Furthermore, Heidari and El Naggar [18] studied
on the influence of reinforced soil systems on vibration prop-
agation. More recently, Dindorf and Wos [19] developed an
energy-efficient power supply and an intelligent dynamic con-
trol system for a hydraulic forging press with the purpose of
saving energy and resources. Jomartov et al. [20] focused on
the dynamics of the brake of a crank press. The driving system
was modelled in the SimulationX software and allowed to
predict ram, drive shaft and crank shaft vibrations during the
braking phase. Moreover, finite-element simulations were
used to provide more sophisticated models of machine-tools
systems. Swidergal et al. [21] developed a model coupling a
multi-body system with the finite element method (MBS-
FEM) for sheet metal forming applications. The MBS model
of a mechanical press was established, with a 3D CAD of the
structure. Then, the behaviour of the machine was coupled
with the FE simulation of the sheet upsetting. In the case of
a mechanical press, Zheng and Zhou [22] proposed a hybrid
model considering the elastic behaviour of the crank shaft,
simulated by FE simulation, resulting in a rigid-flexible cou-
pling model of the slider-crank mechanism. Brecher et al. [23]
proposed a similar approach in the case of closed die forging
process, the machine and tools system was modelled with a
MBS and billet behaviour was described with a FE model.
These methodologies are adequate approaches to reduce com-
putation time compared to a FE simulation of the whole sys-
tem (machine + material). Nevertheless, it requires accurate
knowledge about the machine structure and the forging oper-
ation, to provide accurate simulations. As can be seen, dynam-
ic models were proposed to represent the dynamic behaviour
of forging machines but the difficulties in measuring process
variables during the forming process, implied that no experi-
mental methods were proposed to identify model parameters.
Concerning the hammer-forging machines of interest in
this paper, recent studies of the process efficiency were per-
formed but they only considered the energy consumption be-
fore the impact with the billet. Hongtang and Bufang [24]
assessed the efficiency of ram-driven systems for a steam-
driven hammer and an electro-hydraulic hammer. The study
highlighted that electro-hydraulic hammers are relevant to en-
ergy consumption reduction. Zhang [25] developed a mathe-
matical model for the whole hydraulic-driven system, to im-
prove process control and enhance the working efficiency of
hammers. Zhu et al. [26] proposed a new design of the elec-
tromagnetic driver for reversing valves to improve blow ener-
gy control and driver mechanism robustness. Hammer instru-
mentation with modern measurement systems allowed deeper
investigation during the forming operations.With the help of a
high-speed camera, Galdos et al. [27] determined the impact
velocity for copper upsetting on a counterblow hammer. The
kinetic energy input from the rams and plastic energy trans-
mitted to the billet were compared, showing a good agreement
if blow efficiency was considered. Chen et al. [28] realised
similar measurements for a counterblow hammer with a
stereo-vision system comprising two high-speed cameras.
Furthermore, Yoneyama [29] developed an adapted gravity-
drop hammer device to measure load, pressure, friction, and
contact temperature. Yoneyama et al. [30] used the device for
experimental investigations of the frictional effects during the
upsetting of cylindrical steel billets. These new measurement
methods allow the observation of phenomena that occur dur-
ing the forming process. It has become possible to study en-
ergy consumption during billet forming. Thus, models de-
scribing the forming operation, with consideration of machine
and tools behaviour, can be developed from experimental
observations.
In this paper, an experimental methodology is developed
with the aim of determining the best-suited spring-mass-
damping system to model forming operations on a gravity-
drop hammer. Measurements of the process variables during
billet forming for reference blows allow us to obtain model
parameters specifically adapted to the machine-tools system.
The main contribution of this paper is to provide a predictive
tool to calculate the blow efficiency of hammer operations and
enhance the understanding of energy consumption in forging
processes. The methodology that allows to model forming
operations and identifies the associated parameters is given
in section 2. Section 3 focuses on the validation of the model
by comparing experiments and simulations for two series of
blows on steel and aluminium billets. The discussion and con-
clusions are presented in sections 4 and 5, respectively.
2 Identification of the model and its
parameters
2.1 Experimental protocol
Billet forming is performed with theMONTBARD®LG1000
gravity-drop hammer from the lycée Marie Curie in Nogent-
sur-Oise, France. The upper and lower tools are both flat an-
vils. The mass of the ram-upper tool system is estimated to be
1250 kg. Under the lower tool, a KISTLER® KI9241B14
piezoelectric transversal sensor is fixed, to allow the measure-
ment of the forging load during the billet upsetting. For the
recording of the load signal, an analogue data acquisition
module (EUROSMART® SYSAM-SP5) and the
EUROSMART® LATIS-Pro software are used. The motion
of the ram is recorded with a LUMIX® FZ200 camera. With
this recording and the AVIMECA 3® software, the displace-
ment of the ram is obtained. The derivative of the displace-
ment is then calculated and the impact velocity determined; it
is defined as the velocity of the ram when the upper tool
reaches the upper surface of the billet. A global view of the
machine, the tools and the sensor used for the experimental
protocol is presented in Fig. 1.
The protocol consists of the upsetting of a 16NiCrMo13
steel cylinder of 60 mm diameter and 112 mm height. The
billet is heated to reach 1100 °C and is lubricated with a mix of
oil and graphite before the first stroke. Seven consecutive
blows are performed on the same billet.
To estimate the billet height after each blow, six control
billets were upset and measured: for the determination of the
billet height of the ith blow, i blows are performed on one
control billet, the forging operation is stopped and the billet
is then measured.
In section 2, only the load signal of the 7th blow is
exploited for the identification of the model parameters
(Fig. 2).
2.2 Spectral analysis
Spectral analysis is the step that allows us to determine
the number of degrees of freedom of the system. A fast
Fourier transform (FFT) is performed on the load signal
coming from the piezoelectric sensor. Before applying the
FFT, a post-treatment of the load signal is required.
Indeed, the resolution of the FFT spectrum is calculated
according to the length time of the signal (texp) and is
equal to R = 1/texp. In this case, the resolution is too high
to identify the vibratory modes that make up the signal.
Therefore, the zero-padding method is used to decrease
the frequency distance between bins in the FFT [31].
The method consists of adding zeroes at the end of the
time samples. The consequence is a lengthening of the
signal sequence, which decreases the apparent resolution
of the FFT. MATLAB® is then used to perform the FFT
with the ‘fft’ function. The spectrum is presented in
Fig. 3.
Two peaks can be identified with the frequency spectrum.
The first, and most important, is the peak for the frequency 0
Hz, corresponding to the carrier wave. This peak can be ex-
plained by a vibratory mode in which the oscillation frequency
is lower than the resolution of the FFT. Otherwise, a load
variation without vibration, which would result for the FFT
in a signal with a frequency that is infinitely small, compared
to the resolution of the spectrum. In both cases, this indicates
an additional degree of freedom in the system, which must be
considered. The second peak, associated with a frequency of
about 1.8 kHz, corresponds to the vibrations oscillating on the
carrier wave (Fig. 2). Even if the characteristics of the carrier
wave cannot be identified, the FFT highlights the existence of
two degrees of freedom in the system.
2.3 Modelling
2.3.1 Billet-interface-machine (BIM) model
According to the results of the spectral analysis associated
with the load signal, a two degrees of freedom, spring-mass-
damping vibration model is proposed to describe the machine-
tools’ behaviour during forging operations (Fig. 4). This mod-
el is constituted of two masses, one damper and one spring.
The twomasses represent the parts inmotion in the system;m1
represents the ram and the upper tool, whereas m2 represent
the parts in motion in the lower tool-sensor system. The spring
k and the damper c link mass 2 to the frame and model the
elastic deformations and the damping effects in the structure,
respectively. Furthermore, the billet is in contact with the up-
per and lower tool during the forging process, which implies
the application of the forging load F on the masses 1 and 2.
The application of the fundamental principle of dynamics
to mass 1 and to mass 2 provide the dynamic equations of the






X2 ¼ −kX 2−cẊ 2−F ð2Þ
where X1 is the displacement of mass 1 and X2 is the dis-
placement of mass 2, according to their position at t = 0. The
velocity v0, corresponding to the experimental impact velocity
of the ram, is assigned to mass 1 as well as mass 2.
Clearances were noticed in the lower tool-sensor system.
Thus, when mass 1 impacts the billet, billet forming does not
start directly because of the clearances catching up. During
this phase of clearance catch-up, it is assumed that mass 2 is
accelerated to the velocity v0.
2.3.2 Modelling the billet behaviour
For cylinder upsetting, the forging load can be obtained either
by numerical or analytical methods. In this study, the load is
calculated analytically [32] in order to implement the spring-
mass-damping model and the billet model in one software.
The load imposed by the billet is obtained according to equa-
tion (3).
Fig. 1 a Global view of the
machine. b Tools and sensor used
for the experimental protocol
Fig. 3 Frequency spectrum of the load signal for the 7th blow on the steel









where re is the current radius of the billet, h the current
height of the billet, μ the Coulomb friction coefficient, σ0
the stress of the material and A = 2μre/h.
It is assumed that the specimen keeps its cylindrical form
and its initial volume during the deformation. This expression
allows consideration of the friction phenomena at the interface
of the tools and billet. According to equation (3), σ0 and μ
need to be calculated in order to find the forging load.
In order to determine the Coulomb friction coefficient μ,
test ring compressions are performed. This method is com-
monly used because of the high sensitivity of the ring geom-
etries to friction throughout the compression [33]. Two steel
rings are upset and they are machined to obtain an outer di-
ameter of 120 mm, an inner diameter of 60mm and a height of
20 mm. Rings are heated to 1100 °C and lubricated before the
stroke, with a mix of oil and graphite. One blow is performed
with the hammer for the first ring, whereas two blows are
performed for the second ring. Measurements of radius varia-
tion and deformations after the blows are reported on an aba-
cus and a mean friction coefficient is estimated at μ = 0.2.
Furthermore, the flow stress is considered constant and is
determined by experiment. With equation (3), it is possible to
link the billet height to the load applied by the billet to the
machine. Equation (3) is solved in σ0, to obtain the final blow
force for the final billet height, both being measured during
the experiment. This method provides a flow stress equal to 90
MPa.
The model is called the “Billet-Interface-Machine” (BIM)
model because it allows the coupling of these three aspects in
simulation. The billet behaviour and the impact of friction at
the interface between material and tools are both considered
with the expression of the forging load (equation (3)).
Furthermore, the machine tools’ behaviour is described by
the spring-mass-damping model by considering damping ef-
fects and elastic strains in the system. The model is imple-
mented on MATLAB SIMULINK® and model equations
are solved with the fixed-step solver ode8 (Dormand-Prince
method). The step size is fixed to 10−7 s. At the beginning of
the simulation, mass 1 is in contact with the billet and the
initial velocity of both masses is fixed to −5.3 m/s, as in the
experimental conditions. The model parametersm1,m2, c and
k are identified by fitting the simulated load signal to the
measured load signal.
2.4 Accuracy of the model
Figure 5 shows a comparison of the experimental load signal
with the simulated load signal obtained with the BIM model
and the identified parameters. As can be seen, the simulated
load only presents a slight deviation compared to the experi-
mental signal. The maximal simulated load is equal to 4772
kN whereas the maximal experimental load is equal to 5028
kN: meaning a relative deviation of 5%. Concerning forging
Fig. 4 Billet-interface-machine (BIM) model for the MONTBARD®
LG1000 hammer
Fig. 5 Experimental load signal and fitted load signal with the BIM
model for the 7th stroke on the steel billet
times, they are 1.8 ms and 1.7 ms in simulation and in exper-
iment, respectively. This corresponds to a relative deviation of
6%.
The parameters identified for the model are presented in
Table 1. Mass 1 corresponds to the system (ram + upper tool).
According to the experimental assembly, the mass of the ram
is equal to 1250 kg. Thus, the identified mass is 41% lower
than the expected value. According to the measurement of the
maximal impact velocity (5.7 m/s) obtained with another
blow, it is possible to calculate the maximal stroke energy as
being equal to 12 kJ. The theoretical maximal stroke energy of
the hammer is 20 kJ, meaning a relative deviation equal to
39%.
2.5 Precision of the model
The Monte-Carlo method [34] is used to assess the impact of
process parameter uncertainties on model predictions.
Uncertainties associated with measurements of impact veloc-
ity, friction coefficient and load are estimated (Table 2). The
process parameters are supposed to be random variables fol-
lowing normal laws. Standard deviations are calculated by
assuming that uncertainties represent the values, which can
be taken by random variables with a confidence level of 95%.
According to the normal laws associated with process pa-
rameters, 3000 sets of process parameters are generated.
Simulations are then performed for each of these sets, with
the BIM model and parameters identified in the previous sec-
tion (Table 1). Figure 6 shows that the mean of the maximum
load and the minimum displacement of mass 1 display asymp-
totic behaviour when the number of iterations of the Monte-
Carlo method increases. In addition, load and displacement
variations are less than 0.01% between iteration 2000 and
3000. Therefore, 3000 iterations seem sufficient to ensure
the convergence of the Monte-Carlo method.
With results from the 3000 simulations, the bounds of the
simulated load signal for a confidence level of 95%, consid-
ering process parameter uncertainties, can be determined, as
presented in Fig. 7.
At the interval [0.18; 0.33] ms, differences between exper-
imental and simulated load are low for a short time period,
compared to the forging time. After t = 1.5 ms, larger devia-
tions occur. This shows that the model cannot represent the
spring back when the elastic deformations of the structure are
relaxed.
3 Predictivity of the model
Sections 3.1 and 3.2 present two validation protocols for the
BIM model developed in section 2. Process variables as well
as billet material are changed to evaluate the range of condi-
tions over which the model is a useful predictor of process
behaviour. Furthermore, energy distribution is analysed and
compared to results in the literature, to complete the under-
standing of energy consumption during the forming process.
3.1 Prediction of the first and the third blow for the
upsetting of the steel billet
3.1.1 Experimental protocol
The experimental protocol is the same as presented in section
2.1 but, in this case, the first and the third blows are studied.
Note that these blows were not used for the parameter
identification.
Fig. 6 Mean of the maximum load and the minimum displacement of
mass m1 for different iterations of the Monte-Carlo method
Table 2 Uncertainty associated with process parameters and load
Variable Uncertainty Standard deviation
Impact velocity ± 0.20 m/s 0.10
Friction coefficient ± 0.05 0.025
Load ± 300 kN 150





c (N.s/m) 18 540
k (N/m) 3.15·109
3.1.2 Simulation
The model used to simulate the first and the third blow is the
same as that presented in section 2.3.1. The model parameters
used correspond to the parameters identified from Table 1.
The friction coefficient is fixed to the previously determined
value. Concerning the flow stress, it is fixed to the value iden-
tified in section 2.3.2.
The initial billet height used in the simulation is obtained
with the method described in section 2.1. Impact velocities for
the first and the third blows are also measured with the camera
and were found to be 3.9 m/s and 5.3 m/s, respectively.
3.1.3 Results
Several indicators are determined to compare the simulation
results with experimental measurements. Because of the vi-
brations of the second vibratory mode during the forging pro-
cess, the maximum load measured by the sensor does not
occur at the same time as the end of the billet forming. Thus,
in order to study the following signals, the final load is intro-
duced and defined as the load when the billet reaches its min-
imum height. The time to reach the final load is defined as the
forging time. At this moment, the final billet height is reached
which corresponds to the minimum of the billet height. The
time between the instant of the final loading until the load
returning to zero is defined as the spring back time.
Figure 8 shows the measured load and the simulated load
for the spring k in the case of the first blow. Table 3 presents
the indicators studied to compare the simulation to the
experiment. Until the final load is reached, the simulated
and the experimental load signals are similar. Simulated in-
dicators present slight deviations from the experiment.
During the spring back, bigger differences are observed be-
tween experimental and simulated signals. As can be seen,
the experimental spring back time is 4.6 times higher than in
the simulation.
Concerning the second vibratory mode, the frequency
spectrums bring additional information (Fig. 9). The frequen-
cy of the experimental and simulated signal presents a relative
deviation of 39% whereas the amplitude of the experimental
signal is a little higher, with a relative deviation equal to 38%.
The FFT indicates a slight difference in the vibration mode
frequency and amplitude, which shows that the second vibra-
tory mode vibrations are well predicted.
Experimental and simulated load signals for the 3rd blow are
presented in Fig. 10, and Table 4 presents the indicators for the
third blow. As well as for the 1st blow, both signals show the
same tendencies before reaching the final load, after this, the
model does not provide a good representation of the spring back.
Fig. 7 Experimental load and bounds of the simulated load considering
uncertainties of process parameters
Fig. 8 Measured and simulated load for the 1st blow on the steel billet
Table 3 Results from the experiment and simulation for the first blow
on the steel billet
Experiment Simulation Relative deviation
Final load (kN) 374 333 11%
Forming time (ms) 8.6 9.3 8%
Final billet height (mm) 89 93 4%
Spring back time (ms) 3.7 0.8 78%
The frequency spectrums of the experimental and simu-
lated load signals are shown in Fig. 11. It can be seen that
the frequency of the experimental signal is very close to the
frequency of the simulated signal with a relative deviation
of 1.5%. Concerning the amplitude of the signal, bigger
differences can be seen. The amplitude of the simulated
vibrations is 72% higher than the amplitude of the experi-
mental signal.
3.2 Prediction of consecutive blows for the upsetting
of an aluminium billet
3.2.1 Experimental protocol
The upsetting of a 7175-aluminium cylinder of 60 mm diam-
eter and 112 mm height is performed to validate the prediction
of the model for another material. Six blows are realised, with
the same machine and tools used for parameter identification.
Experimental measurements are realised in the same condi-
tions presented in section 2.1 and a friction coefficient of 0.07
is identified for the aluminium.
Fig. 9 Frequency spectrums of the experimental and simulated load
signals for the 1st blow on the steel billet
Fig. 11 Frequency spectrums of the experimental and simulated load
signals for the 3rd blow on the steel billetFig. 10 Measured and simulated load for the 3rd blow on the steel billet
Table 4 Results from experiment and simulation for the third blow on
the steel billet
Experiment Simulation Relative deviation
Final load (kN) 843 789 6%
Forming time (ms) 4.5 5.5 22%
Final billet height (mm) 37 42 14%
Spring back time (ms) 3.2 0.8 75%
3.2.2 Simulation
The model used to simulate the six blows and the asso-
ciated model parameters are the same as those presented
in section 2.3.1. Only parameters linked to the material
are changed and adapted to the aluminium billet. The
forging load is calculated according to equation (3).
Flow stress is determined for each blow, as presented
in section 2.3.2.
The simulations are consecutively performed: Outputs of
the simulation i are used as inputs for simulation i + 1. For
each simulated blow, the impact velocity v0 and the saturating
flow stresses σ0 are fixed to the measured values. The initial
billet height for the simulation of the first blow is fixed to the
measured billet height. For the other blows, the initial billet
height is fixed to the value of the final billet height from the
previous simulation.
3.2.3 Results
Figure 12 presents the experimental and the simulated load
signals for the 6 blows on the aluminium billet. After each
blow, the forging time decreases and the final load increases,
both experimentally and numerically. The simulation provides
a good prediction of the forging load before reaching the final
load. During the spring back, bigger differences can be ob-
served. For the six blows, the second vibratory mode is excit-
ed, which produces vibrations on the simulated load signals.
Experimentally, these vibrations are noticeable for all the
blows, so it is important to consider it within the model.
Fig. 12 Load signals from
experiments and simulation for 6
consecutive blows on the
aluminium billet
The total forging time until the return of the load to zero,
the final billet height and the final load are presented in Figs.
13, 14 and 15, respectively, in order to compare experimental
and simulated load signals. The simulated forging time fol-
lows the tendency of the experimental forging time. Except
for the first blow, the simulation overestimates the forging
time because of the overestimation of spring back time. The
increase in the relative deviation with the number of blows can
be seen. The relative deviation ranges between 2.4 and 29%
for a mean value of 13%. For the final billet height, the sim-
ulation overestimates the experimental results. Once again, the
relative deviation increases with the number of blows, ranging
between 2 and 17%. The mean of the relative deviation is
equal to 9%. Finally, the simulated final load is lower than
the experimental measurement for each blow. The maximum
value of the relative deviation is 14%, whereas the lowest
value is equal to 5%. The mean of relative deviations is equal
to 9% in the case of the final forging load. It should be noted
that the relative error increases with the number of blows for
the 3 indicators, which is explained by the accumulation of
errors due to the consecutive simulations.
The energy distribution in the BIM system can be deter-
mined and then the efficiency of each blow can be calculated.
The efficiency is defined as the ratio of the energy transmitted
to the billet as plastic energy to the kinetic energy input from
the motion of the two masses. The simulated energy distribu-
tion at the end of the forging process and the efficiency of each
blow are presented in Fig. 16. After the billet forming, the
kinetic energy input is turned into four types of energy: the
plastic energy transferred to the billet, the energy dissipated in
the friction between the billet and the tools, the energy
damped in the machine and the kinetic energy of the masses
due to their velocity after the spring back. During the forging
process, a part of the kinetic energy input is turned into elastic
deformation energy in the machine. After reaching the final
load, the machine relaxes the elastic deformations and the
masses are accelerated in the opposite direction from the
stroke. Thus, the kinetic energy of the masses, after the spring
back, represents the energy stored in the machine as elastic
deformation and not transmitted to the billet.
Fig. 14 Measured and simulated billet height for 6 consecutive blows on
aluminium billet
Fig. 15 Measured and simulated final load for 6 consecutive blows on
aluminium billet
Fig. 13 Measured and simulated forging time for 6 consecutive blows on
aluminium billet
Efficiency is a decreasing function of the number of blows,
which ranges between 96 and 79% from the first to the sixth
blow. Indeed, the higher the number of blows, the more the
blow energy is turned into friction and kinetic energy and not
into plastic energy. Besides this, the damped energy stays
stable whatever the number of blows, and ranges between
2.2 and 2.6% with no apparent trend.
4 Discussion
4.1 Identification of the model and its parameters
The protocol presented in this paper provides a new experi-
mental solution to consider machine and tool behaviour dur-
ing the forming process. With only the measurement of the
load signal, the impact velocity, the friction coefficient, and
the material characteristics for one blow, it is possible to de-
termine a model and its associated parameters. Dynamic
models for forging machines were developed for laboratory
drop hammer [7], single-acting hammer [5] and industrial
hammers by focusing on foundation behaviour [11].
However, model parameters were not determined from exper-
imental measurements and do not consider the specificities of
the machine. With new measurement tools, it has become
possible to obtain the impact velocity and the load signal dur-
ing hammer-forming operations. Thus, parameters for a model
that considers machine and tool behaviour can be identified
from experimental measurements. Because of the experimen-
tal identification of the parameters, the model obtained is
specifically adapted to the machine-tools system and provides
an accurate representation of the forging process, as has been
shown by the experimental validation for different materials.
In this study, only the forming part of the stroke is considered
in the modelling process. The measurement of the impact
velocity provides the introduced kinetic energy at the begin-
ning of the blow, thus modelling the acceleration of the mass
before the contact with the billet is not needed. Furthermore,
the mass rebound has no influence on the useful energy trans-
mitted to the billet, therefore, only focusing on the billet
forming is enough to determine the blow efficiency of the
forming process.
Two degrees of freedom models are commonly used in the
literature to describe hammers [5, 11, 15, 17]. These models are
good tools for predicting forging variables and blow efficiency,
supporting the choice of a two degrees of freedommodel in the
present study. The model proposed is a simple approximation
based on experimental measurements. Model validity is ex-
plored with several comparisons between model predictions
and experimental measurements. The final objective is to pro-
vide a coupling between a machine-tools model and a commer-
cial finite-element model representing billet behaviour. The
reasonable number of degrees of freedoms of the model is an
asset allowing the coupling possible and limiting computation
time. Other studies proposed finite-element models or hybrid
models to describe machine behaviour [35, 36], but these
methods need detailed knowledge about machine structure
and important computation time. Thus, the method proposed
in this work is an alternative approach, providing a representa-
tion that is less sophisticated than a finite-element model of the
complete machine-tools system, but is applicable to any ham-
mers, with an acceptable computation time.
An important deviation should be noted in the massm1 that
can be compared to the ram-tools mass. Because hammers are
not equivalent to a spring-mass-damping system, the model
can only be considered as a simplification of machine behav-
iour. The fitting process provides the parameters, which allow
us to reproduce the experimental load signal in simulation, but
parameters are not obtained from the geometrical and material
characteristics of the structure. This explains the biggest part
of the differences between the mass of the hammer and the
mass m1. Furthermore, the identification of the model param-
eters is sensitive to the process variables, such as velocity,
billet geometries, flow stress, friction coefficient and recorded
load. Uncertainties in these variables cause uncertainties in the
identified model parameters, which might contribute to the
noticed deviation. The latter can also be caused by the as-
sumptions made when modelling rheological material behav-
iour and friction phenomena. The material flow stress was
supposed to be constant and equal to the flow stress at the
instant of the final load. Friction coefficient was assumed to
be constant during the entire forming process; however, for
cylinder upsetting, it has been shown that this coefficient
Fig. 16 Simulated efficiency and distribution of the energy at the end of
the billet forming for the six blows on the aluminium billet
increases with the decrease of billet height [37]. Nevertheless,
the measurement methods of the process variables and load
being the same for the three experimental protocols, it does
not affect the proof of relevance of this methodology.
4.2 Prediction of the first and the third blow for the
upsetting of the steel billet
Simulations of the first and the third blow on the steel
billet allow good predictions of the experimental load signal
and the billet height (Figs. 8 and 10). It can be noted that, in
both cases, the simulated spring back is faster than in the
experiments. This may be explained by a change in the ele-
ment that was experimentally solicited during the spring back,
but not considered by the model. Nevertheless, the spring
back has no influence on the blow efficiency. The model
provides an accurate representation during the forming phase,
which is enough for the prediction of the useful energy trans-
mitted to the billet.
4.3 Prediction of consecutive blows for the upsetting
of an aluminium billet
The model can provide an accurate prediction of the load and
the forging indicators for the aluminium billet upsetting. It
shows that the parameter identification is not affected by the
billet behaviour and it validates the predictive capacity of the
model for different forging operations and materials.
The energy that dissipates due to friction increases with the
number of blows (Fig. 16) because the area in contact with the
tools increases. The kinetic energy shown in Fig. 16 corre-
sponds to the energy stored in the machine structure as elastic
deformations and then restituted in the motion of the masses
after the billet forming. The increase of the kinetic energy with
the number of blows is significant. Since the forging load is
higher, blow after blow, and deformations are proportional to
the load applied, more energy is stored in the elastic deforma-
tions of the machine during the billet forming. Thus, more
energy can be restituted during the spring back once the billet
forming ended. Concerning damping energy, it stays constant
whatever the blow. For each blow, the damped energy is very
near to the initial kinetic energy of mass 2, with a maximum
relative deviation for the 4th blow of 6%. Thus, the damped
effects are mainly observed for the vibrations of mass 2. As can
be seen in Fig. 12, the vibration of the second vibratory mode is
almost completely damped at the end of the billet forming,
whatever the blow. This shows that the value of the damped
energy is constant, relative to the total kinetic energy input.
Similar results, concerning the evolution of the efficiency
in simulation, can be found in the literature. Indeed, Tobias [4]
highlights the decrease of efficiency with a decrease in the
billet height, for a hammer-forgingmachine. Blowswith small
load and large billet deformation are qualified as soft blows
and the associated efficiency is high, between 80 and 90%.
For hard blows, high load and small billet deformations are
noticed and efficiency is low, between 50 and 20% [38]. In
our case, blows 1, 2, 3 and 4 can be considered as soft blows,
whereas blows 5 and 6 are intermediary blows, between soft
and hard blows. The tendency of the efficiency curve indicates
that the following blows would tend towards hard blows.
Therefore, it shows that the model can predict the change from
soft to hard blow and predicts the useful energy for the billet
deformation.
The approach presented in this paper completes the under-
standing of energy consumption in the hammer-forging pro-
cess. The method can be applied to existing machines to better
quantify the useful energy transmitted to the workpiece. The
approach seems suitable for most energy-driven machines,
such as hammers or screw presses; further investigations
should be conducted to validate the genericity of the method.
When impact velocity can be controlled accurately and pre-
cisely, as for servo screw presses [39], the BIM model could
improve the prediction of the number of blows needed to
achieve the final shapes of new workpieces during
industrialisation phases. Moreover, knowledge of the actual
energy transmitted to the billet will allow better prediction of
the thermomechanical path during forging operations and may
improve the microstructure control for high-performance ma-
terials forging. Process efficiency is influenced by process
parameters, such as impact velocity and initial billet geome-
tries [5]. Thanks to the BIM model, these parameters could be
optimised, to maximise efficiency for a sequence of forging
operations. In this work, billet and interface behaviours were
described by analytical models for direct resolution of model
equations. This is the first stage that allows the validation of
the relevance of a spring-mass-damping model and an exper-
imental identification of its parameters. The next step is to
develop a coupling between a finite elements model describ-
ing billet and interface behaviour with the spring-mass-
damping model. Thus, simulation accuracy will be improved
and any initial or final shapes for the workpiece might be
considered.
5 Summary and conclusions
This study presents an experimental approach-modelling
hammer-forming operations with a spring-mass-damping vi-
bration model. The degree of freedom and the parameters
associated with the model were determined with a stroke on
a steel billet. Then, simulations were performed to predict
other blows for steel and aluminium billets. Simulated results
concerning forging load and final billet height were compared
to experimental measurements and showed a good agreement.
Finally, the energy distribution predicted by the model was
analysed. The results are in accordance with observations in
the literature. The following conclusions were drawn:
1. The methodology developed to model forming operations
on a hammer and identify its associated parameters is
relevant. The experimental protocol is near to the working
conditions and only requires the measurement of five pro-
cess parameters, in addition to the forging load signal.
2. The result is a dynamic model that is specifically tailored
to the machine-tools system. Simulations realised with
this model give an accurate representation of the phenom-
ena that occur during the forging process.
3. The model and its associated parameters, determined for a
reference blow on a steel billet, remain valid for alumin-
ium billet upsetting. Parameters are transferable to several
forging operations, validating the predictive capacity of
the model.
4. The billet-interface-machine model provides a faithful
representation of the energy distribution in the system.
The model simulates the change from inelastic to inter-
mediate blows and the decrease in the process efficiency
with the number of blows. The evolution of efficiency
indicates that the model can simulate hard blows. This
provides a better understanding of the energy consump-
tion in forging processes and a predictive tool to estimate
blow efficiency.
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